Abstract Multigenerational evaluation was made in rats on exposure to high fluoride (100 and 200 ppm) to assess neurotoxic potential of fluoride in discrete areas of the brain in terms of lipid peroxidation and the activity of antioxidant enzyme system. The rats were given fluoride through drinking water (100 and 200 ppm) and maintained subsequently for three generations. Fluoride treatment significantly increased the lipid peroxidation and decreased the activity of antioxidant enzymes viz, catalase, superoxide dismutase, glutathione peroxidase, glutathione S-transferase, and glutathione level in first-generation rats and these alterations were more pronounced in the subsequent second and thirdgeneration rats in both the doses tested. Decreased feed and water consumption, litter size and organ (brain) somatic index, marginal drop in body growth rate and mortality were observed in all three generations. Decreased antioxidant enzyme activity and increased malondialdehyde levels found in the present study might be related to oxidative damage that occurs variably in discrete regions of the brain. Results of this study can be taken as an index of neurotoxicity in rats exposed to water fluoridation over several generations.
Introduction
Fluorosis is most severe and widespread in India as well as in China. UNICEF estimates fluorosis to be endemic in at least 25 countries across the globe [1] ; as a result, fluoride acts as a potential environmental health hazard that may damage many physiological systems of human and animals to induce changes in organ systems like liver, brain, kidney, and spinal cord [2, 3] . The total number of people affected is unknown but a conservative estimate of affected individuals would number in the tens of millions due to consumption of fluoride over generations in endemic areas [1] . Earlier studies have documented considerable evidence of direct toxic effects of fluoride on the brain tissue, even at levels as low as 1 ppm fluoride in water [4] causing impairments like altered neuronal and cerebrovascular integrity [4] , abnormal behavior patterns [5] and metabolic lesions in experimental animals [6] [7] [8] . Being a central nervous system toxin, fluoride also adversely induces neuron apoptosis [9] , decreased cerebral functions, and impairment in the memory-learning abilities [3, 10] . Significant increase in homovanillic acid in the hypothalamus of the mice administered with 5 ppm of sodium fluoride was indicated [11] as well as DNA damage in brain cells of rat and histopathological changes in the brain of offspring' exposed to high fluoride was observed [12] . Our previous work indicated fluoride's ability to cross the placental barrier and enter the fetus and thereby accumulate in discrete regions of brain tissues and cause toxic impact on the development [13] . Although fluoride causes injury to the central nervous system by several mechanisms, of particular interest is its ability to cause oxidative damage and various authors have reported on the fluoride-induced oxidative stress, but there is a dearth of information in brain regional specific studies in multigeneration animals exposed to fluoride, hence this study was undertaken.
Materials and Methods

Chemicals
5,5-dithio-bis-2-nitrobenzoic acid (DTNB; Ellman's reagent), epinephrine, and glutathione were procured from Sigma-Aldrich Ltd., standards and other chemicals (AR grade) from Merck Ltd.
Preparation of Fluoride Water
A stock of 1,000 ppm sodium fluoride solution was prepared by dissolving 2.21 g of sodium fluoride in 1 L of tap water. To prepare 100 and 200 ppm fluoride water, 100 and 200 mL of the stock solution was taken and made up to 1 Lwith tap water, respectively.
Animals
The protocol of this study was approved by the Institutional Animal Ethics Committee, Bangalore University, Bangalore, India. Healthy adult female albino Wistar rats, weighing 170-200 g and male rats weighing 200-250 g were procured from Sri Raghavendra Enterprises, Bangalore, acclimated for a week, and maintained at room temperature of 25±2°C with 12-h dark-light cycle. Animals were fed with standard rodent diet (Amruth feeds, India). There was no water and light restriction throughout the experiment.
Experimental Design
For a multigenerational study 40 adult Wistar rats (F 0 ) were selected and maintained in ten cages, each of which consisted of three females (weighing 170-200 g) and one male (weighing 200-250 g). The rats of each group were housed in a cage for a night and then the following day the vaginal plugs of the females of each group were examined to confirm pregnancy. Only 24 of 30 females were identified as pregnant, and these 24 pregnant females were selected to obtain the first-generation rats (F 1 ). These 24 pregnant rats were then divided into three groups of eight rats each and treated with the following doses of fluoride: group I (control) was provided with tap water ad libitum (<1 ppm F), group II was given 100 ppm fluoride in drinking water, group III was given 200 ppm fluoride in drinking water during the gestation period.
After the gestation period of 21±2 days there were 199 pups in the litters of the three treatment groups. The mothers received fluoridated water during the lactation period (21 days). Some of the pups from the first generation of all the three treatment groups were sacrificed on 21st postpartum day for the biochemical estimations. The remaining pups had free access to the fluoridated water until they became mature. During all these periods, seven pups died and 192 survived. Group I (control) had no mortality (all 82 pups survived), group II had 57 surviving pups, and in group III, 53 pups survived.
Only certain numbers of adult rats from the first generation in each group were selected to continue the study on the basis of being healthy. Hence group I consisted of six females and two males, II and III consisted of nine females and three males in each group. Twentytwo female rats were identified as pregnant and were subjected to the same experimental procedure as above. The pups so obtained were considered as the second-generation rats (F 2 ). There were 168 pups in the litters of the three treatment groups. Some of the pups from this second generation of all the three treatment groups were sacrificed on 21st postpartum day for the biochemical estimations. The remaining pups had free access to the fluoridated water until they became mature. During this period, 18 pups died and 150 survived. Group I (control) had no mortality (all 55 pups survived), group II had 50 surviving pups, and in group III, 45 pups survived.
To obtain the third-generation rats (F 3 ) six females and two males from group I, and nine females and three males each from group II and III were selected. Twenty-two female rats were identified as pregnant and were subjected to the same experimental procedure as above. There were 163 pups in the litters of the three treatment groups. During all these periods, 21 pups died and 142 rats survived. Group I (control) had no mortality (all 56 pups survived), group II had 47 surviving pups, and in group III 39 pups survived. Some of the pups from this third-generation of all the three treatment groups were sacrificed on 21st postpartum day and discrete regions of the brain viz. cerebral cortex, cerebellum, medulla, and hippocampus were separated out, homogenized, and used for biochemical estimations.
In Vivo Biochemical Assays
Lipid Peroxidation Lipid peroxidation (LPO) product was estimated by measurement of thiobarbituric acid reactive substances (TBARS) using the method of Niehaus and Samuelsson [14] . The pink chromogen produced by the reaction of thiobarbituric acid with malondialdehyde, a secondary product of lipid peroxidation was estimated at 535 nm.
Catalase (EC 1.11.1.6) Catalase (CAT) activity was measured as described by Aebi [15] , the decomposition of hydrogen peroxide was monitored by measuring the decrease in absorbance at 240 nm.
Superoxide Dismutase (EC 1.15.1.1.) Superoxide Dismutase (SOD) activity was assayed by measuring the inhibition of epinephrine auto-oxidation as described by Misra and Fridovich [16] .
Glutathione Peroxidase Activity (EC 1.11.1.9) Glutathione Peroxidase Activity (GSH-Px) activity was estimated by measuring the oxidation of NADPH as described by Lawrence and Burk [17] .
Glutathione-S-transferase (EC 2.5.1.18) Glutathione-S-transferase (GST) activity was estimated by the method of Habig et al. [18] by following the increase in absorbance at 340 nm using 1-chloro-2,4-dinitrobenze (CDNB) as substrate.
Reduced Glutathione Reduced glutathione (GSH) content was determined by the method of Ellman [19] based on the development of a yellow color while adding DTNB to compounds containing sulphydryl groups.
Protein Assay Protein content was estimated by the method of Lowry et al. [20] using bovine serum albumin as standard.
Simultaneously, feed and water consumption of pregnant rats, litter size, mortality of pups, organ (brain) somatic index were noted on 21st postpartum day and body weight of pups from birth until 12 weeks were recorded weekly for all the three generations in control and fluoride-treated rats.
Statistical Analysis
Statistical analysis was done by one-way analyses of variance with Duncan's multiple range test (DMRT) post hoc at P<0.05 level of significance by using SPSS software (17.0 version).
Results
The feed and water consumption in fluoride-treated pregnant rats decreased considerably in all the three generations studied in both the doses tested when compared to control (Table 1) . Although there was not much difference in the litter size between the three generations on fluoride exposure (Table 2) , a slight decrease in body weight of pups at parturition was observed when compared to control and significant decrease in organ (brain) somatic index at 21st postpartum day in all three generations was observed (Table 3) . Mortality was observed in all three generations (Table 2 ) and a marginal drop in the growth rate of pups from birth until maturity was observed in fluoride exposed animals when compared to control (Fig. 1 ).
Lipid Peroxidation
To evaluate the possible consequences of oxidative stress in the brain, lipid peroxidation (LPO) in terms of malondialdehyde (MDA) level was measured in different regions of the brain (Table 4) . A significant increase in MDA level in the cerebral cortex (1.4-fold), cerebellum (1.5-fold), medulla (1.4-fold), and hippocampus (2.0-fold) with 100-ppm dose of fluoride, and cerebral cortex (1.4-fold), cerebellum (1.3-fold), medulla (1.1-fold), and hippocampus (1.4-fold) with 200-ppm dose of fluoride was observed in second-generation rats when compared to the first. Comparatively, more increase in MDA levels in thirdgeneration rats was observed in comparison to the first with significant changes in cerebral cortex (3.4-fold), cerebellum (1.9-fold), medulla (2.1-fold), and hippocampus (3.1-fold) with 100-ppm dose of fluoride, and cerebral cortex (2.0-fold), cerebellum (1.9-fold), medulla (2.2-fold), and hippocampus (2.8-fold) with 200-ppm dose of fluoride. Similarly, when second-generation rats were compared with third generation, significant increase in MDA level in cerebral cortex (2.4-fold), cerebellum (1.3-fold), medulla (1.6-fold), and hippocampus (1.5-fold) was noticed with 100-ppm dose of fluoride, and an increase in cerebral cortex (1.4-fold), cerebellum (1.4-fold), medulla (2.0-fold), and hippocampus (2.1-fold) with 200-ppm dose of fluoride was observed.
Catalase Activity CAT activity was significantly decreased in cerebral cortex (1.2-fold), cerebellum (1.2-fold), medulla (1.4-fold), and hippocampus (1.1-fold) with 100-ppm dose of fluoride, and cerebral cortex (1.4-fold), cerebellum (1.2-fold), medulla (1.3-fold), and hippocampus (1.1-fold) with 200-ppm dose of fluoride in second-generation rats when compared to the first. When thirdgeneration rats were compared with first generation, a significant decrease in CAT activity was observed in cerebral cortex (1.9-fold), cerebellum (1.3-fold), medulla (1.6-fold), and hippocampus (1.3-fold) with 100-ppm dose of fluoride, and cerebral cortex (2.0-fold), cerebellum (1.2-fold), medulla (1.6-fold), and hippocampus (1.4-fold) with 200-ppm dose of fluoride. Similarly, a significant decrease between second and third generation were observed in cerebral cortex (1.6-fold), cerebellum (1.6-fold), medulla (1.1-fold), hippocampus (1.2-fold) with 100-ppm dose of fluoride, and cerebral cortex (1.4-fold), cerebellum (1.1-fold), medulla (1.2-fold), and hippocampus (1.2-fold) with 200-ppm dose of fluoride was observed.
Superoxide Dismutase Activity
The activity of SOD was observed to be significantly decreased in cerebral cortex (1.2-fold), cerebellum (1.1-fold), medulla (1.1-fold), and hippocampus (1.1-fold) with 100-ppm dose of fluoride and cerebral cortex (1.2-fold), cerebellum (1.1-fold), medulla (1.1-fold), and hippocampus (1.1-fold) with 200-ppm dose of fluoride in second-generation rats when compared to the first. Significant decrease was observed in cerebral cortex (1.4-fold), cerebellum (1.3-fold), medulla (1.2-fold), and hippocampus (1.2-fold) with 100-ppm dose of fluoride and cerebral cortex (1.5-fold), cerebellum (1.3-fold), medulla (1.3-fold), and hippocampus (1.2-fold) with 200-ppm dose of fluoride was observed when third-generation rats were compared with first generation. Between second-and third-generation rats significant decrease were observed in cerebral cortex (1.3-fold), cerebellum (1.1-fold), medulla (1.1-fold), and hippocampus (1.1-fold) with 100-ppm dose of fluoride and cerebral cortex (1.2-fold), cerebellum (1.1-fold), medulla (1.2-fold), and hippocampus (1.1-fold) with 200-ppm dose of fluoride. Glutathione Peroxidase Activity
The activity of GSH-Px was observed to be significantly decreased in the cerebral cortex (2.3-fold), cerebellum (1.2-fold), medulla (1.6-fold), and hippocampus (1.1-fold) with 100-ppm dose of fluoride and cerebral cortex (1.8-fold), cerebellum (1.2-fold), medulla (2.1-fold), and hippocampus (1.9-fold) with 200-ppm dose of fluoride in second-generation rats when compared to first generation. When third-generation rats were compared with first generation, significant decrease in GSH-Px activity was observed in cerebral cortex (2.5-fold), cerebellum (1.3-fold), medulla (2.2-fold), hippocampus (1.1-fold) with 100-ppm dose of fluoride and cerebral cortex (4.5-fold), cerebellum (2.4-fold), medulla (2.5-fold), and hippocampus (2.2-fold) with 200-ppm dose of fluoride. Between second generation and third-generation rats decreased activity was observed in cerebral cortex (1.1-fold), and cerebellum (1.1-fold), medulla (1.4-fold), and hippocampus (1.1-fold) with 100-ppm dose of fluoride and cerebral cortex (2.5-fold), cerebellum (2.0-fold), medulla (1.2-fold), and hippocampus (1.2-fold) with 200-ppm dose of fluoride.
Glutathione S-transferase Activity
On examination of differences between first-and second-generation rats, glutathione-Stransferase activity was significantly decreased in cerebral cortex (1.3-fold), cerebellum Between third and first-generation rats, a marked decrease was observed in cerebral cortex (1.6-fold), cerebellum (1.7-fold), medulla (1.5-fold), and hippocampus (1.9-fold) regions with 100-ppm dose of fluoride and cerebral cortex (2.2-fold), cerebellum (2.5-fold), medulla (1.6-fold), and hippocampus (1.8-fold) with 200-ppm dose of fluoride. Suppressed activity levels were observed in cerebral cortex (1.2-fold), cerebellum (1.2-fold), medulla (1.3-fold), and hippocampus (1.6-fold) regions with 100-ppm dose of fluoride and cerebral cortex (1.6-fold), cerebellum (1.7-fold), medulla (1.3-fold), and hippocampus (1.8-fold) with 200-ppm dose of fluoride when second-generation rats were compared with third generation.
Reduced Glutathione Level
There was a significant decline in reduced glutathione levels in cerebral cortex (1.2-fold), cerebellum (1.1-fold), medulla (1.2-fold), and hippocampus (1.1-fold) with 100-ppm dose of fluoride and cerebral cortex (1.1-fold), cerebellum (1.1-fold), medulla (1.2-fold), and hippocampus (1.1-fold) with 200-ppm dose of fluoride in second-generation rats when compared to the first. Between third and first-generation rats, a marked decrease in GSH levels were observed in cerebral cortex (1. 
Discussion
Excessive ingestion of fluoride considerably decreased the animal growth symptomised by decreased appetite leading to poor growth rate as noticed in litters in all the three generations. The decrease found in body weight could be due to primary malnutrition caused by fluoride by displacing other nutrients present in the diet (minerals or elements). Secondary malnutrition may result either from maldigestion or malabsorption of nutrients caused by gastrointestinal complications. These nutritional complexities can induce deficiency virtually on all the nutrients [21] . Earlier studies have suggested fluoride to produce overt maternal toxicity, and feto-toxicity [22, 23] indicating that maternal toxicity affects the viability or growth of offsprings. In the present study, fluoride exposure (100 and 200 ppm) caused a marginal drop in the post natal growth rate and organ (brain) somatic index ( Fig. 1, Table 3 ). Further, maternal exposure caused deficits in birth weight, and survival of pups indicating suppressed growth of offsprings. The profile analysis showed that fluoride regimen employed marginally influenced the weight of pups at birth and also their growth rate until maturity.
Although the blood-brain barrier is relatively impermeable to fluoride, it does not pose an absolute barrier and fluoride has the ability to enter the brain [24] . High fluoride exposure can result in damage to brain cells, however, because the damage is usually mild, obvious functional changes will not necessarily be readily observable [25] . Since fluoride accumulation begins in the placenta during gestation, the transfer of fluoride to fetus appears to be restricted. Furthermore, fluoride might have been transferred from dam to pups during first 3 weeks after birth when the offsprings suckle. In addition, neonatal rats absorb and retain substantially more fluoride than older animals. Our previous study reported maternal fluoride exposure to cause a remarkable increase in the level of fluoride in the discrete brain regions of the pups [13] . In this study, the exposure commences in the maternal blood, passes through the placenta to the fetus and continues during neonatal to adulthood through fluoride-containing milk and drinking water, respectively. Moreover, the immaturity of excretory system favors the accumulation when the progeny continues with the exposure of fluoride for several generations and the functional areas of the brain may become more sensitive for accumulation. The results further suggest that high fluoride intake over several generations has the ability to elevate lipid peroxidation and alter the antioxidant enzyme system, thereby leading to increased oxidative stress and therefore become a mediating factor in the pathogenesis of fluoride toxicity. Meral et al. [26] reported a significant increase in TBARS level in the testes of both first-and second-generation rats when compared to control, and the TBARS levels of second-generation rats were significantly higher than those of first-generation rats. Aydin et al. [27] reported a significant increase in TBARS levels in lung tissues in groups treated with 50 and 100 mg/L fluoride over several generations. Similarly, Karaoz et al. [28] showed that chronic fluorosis can lead to enhanced lipid peroxidation and kidney tissue alterations in first-and secondgeneration rats.
In this study, effect of fluoride exposure during gestation and post gestation periods were studied to analyze oxidative stress parameters in different brain regions for three generations and we observed a greater sensitivity to fluoride in second-and third-generation rats compared to first generation. The activities of CAT, SOD, GSH-Px, GST, and GSH were decreased, while the level of MDA was increased in the experimental rats exposed to high fluoride (100 and 200 ppm) as compared to the control group. The observed increase in lipid peroxidation in discrete brain regions, as determined by the measurement of MDA, is also in agreement with previous studies [29] [30] [31] [32] . Therefore, in line with the results of earlier reports, it could be suggested that the elevated lipid peroxidation in fluorosis may result from the decreased activities of antioxidant enzymes [32] [33] [34] . There have been many reports suggesting that free radicals play an aberrant role in the mechanism of fluoride toxicity [35] [36] [37] . High lipid content in the brain is responsible for the vulnerability of these tissues to oxidative stress. This is because peroxidative damage of membrane lipids leads to many damages in a cell such as decreased membrane fluidity, elevated sensitivity to oxidant stress and changes in enzyme activities [38] . Therefore, the consequences of chronic fluoride exposure could be attributed to induce lipid peroxidation. Decreased activity of CAT and SOD in the discrete regions of the brain may be in response to increased production of H 2 O 2 and O 2 . Further decreased activity of SOD may be due to competitive inhibition by the fluoride ion for binding to the active site of copper [39] , iron or manganese with SOD, or due to a direct action of fluoride on the enzymes (competitive inhibition) as well as free radicals rather due to increased free radicals alone [40] . The traditional role of GSH is that of a free radical scavenger; the ability of GSH to nonenzymatically scavenge both singlet oxygen and OH-radical provides the first line of antioxidant defense. The decrease found in the levels of GSH in fluoride-treated rats may be due to increased utilization of GSH by glutathione peroxidase in detoxification of H 2 O 2 generated by fluoride-induced oxidative stress [41] . The reduction in GSH might be attributed to the fact that fluoride creates an imbalance between the pro-oxidant and the antioxidants inside the body due to which it is unable to withstand the stress leading to the reduction in GSH level [42] . Mittal and Flora [43, 44] reported that fluoride exposure decreases the level of GSH and inhibits various enzymes which require GSH as a cofactor. Depletion of GSH is related to the decreased antioxidant status and the overproduction of reactive oxygen species (ROS). GST binds electrophilic moieties and various toxicants and drugs with glutathione and offers a powerful mechanism for detoxification [45] .
Since the brain exhibits considerable regional heterogeneity, the effect of high fluoride exposure in discrete brain regions was examined for three generations. In this study, chronic fluoride exposure caused significant increase in MDA levels in discrete brain regions of first-generation rats, which were more pronounced in the subsequent second and third generations. Differences in susceptibilities of different regions to fluoride may be due to differences in capabilities of different regions to combat oxidative stress, perhaps the distribution of enzymatic and non-enzymatic antioxidants are not uniform in heterogenous brain regions [46] . The medulla and hippocampus appear to be more vulnerable to ROS injury due to inherent low levels of GSH compared to cerebrum and cerebellum [46] . Moreover, the difference in ROS burden in various brain regions is due to well known heterogeneity and metabolic compartmentalization of the brain mitochondria [47] . In this study, the differential sensitivity found in second and third-generation rats on fluoride exposure in different brain regions may be due to preferential fluoride accumulation and also due to altered biochemical and cellular processes in particular regions. The accumulated fluoride acts as a crucial factor in altering cellular processes via other vital elemental alterations that in turn alter cellular redox homeostasis.
From this study, it is concluded that the multigenerational exposure to fluoride via drinking water cause oxidative stress in discrete regions of rat brain in all the three generations and these alterations were more pronounced in second and third-generation rats compared to the first. Further fluoride exposure during pregnancy, development, and thereafter can adversely affect the outcome of offsprings.
